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Impact in Two Sentences 86 
Early-life loss of microbial topography accompanied by influx of oral taxa in the nasopharynx precedes the 87 
development of respiratory tract infections. This may lead to new insights for prevention of respiratory tract 88 
infections and antibiotic utilization in childhood. 89 
Descriptor 90 
10.11 Pediatrics: Respiratory Infections 91 
Word count 92 
Abstract: 259 / 250 words. 93 
Main text: 3,755 / 3,500 words. 94 
At a glance commentary 95 
What is the current scientific knowledge on this subject?  96 
The microbial community composition of the nasopharynx, including the absence of gram-positive 97 
commensals, and the low-abundant presence of oral bacterial species, is strongly associated with 98 
(susceptibility to) respiratory tract infections (RTIs). It is, however, unknown whether the oral microbiota 99 
itself and/or its temporal dynamics relative to the nasopharyngeal microbiota are associated with 100 
development of RTIs 101 
What does this study add to the field?  102 
In a prospective, longitudinal birth cohort study, we characterized the oral and nasopharyngeal microbiota 103 
over the first six months of life in 112 infants both during health (nine sampling moments) and at the moment 104 
of RTIs (n = 1,750 samples). Our results clearly demonstrate that an apparent loss of microbial topography 105 
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can be observed prior to and during RTIs when paired samples are being analyzed. This loss of topography 106 
was driven by the absence of beneficial microbes, the presence and abundance of potential pathogenic 107 
bacteria, and a proportional influx of oral species in the nasopharyngeal niche on the individual’s level. We 108 
unveiled bacterial biomarkers associated with loss of topography and the subsequent development of RTIs, 109 
and could also link their colonization characteristics to a known risk factor for development of RTIs, i.e. 110 
start of daycare, suggesting the microbiota represent the biological link between risk factors for and actual 111 
development of infections. 112 
 113 
This article has an online data supplement, which is accessible from this issue's table of content online at 114 
www.atsjournals.org.  115 
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ABSTRACT 116 
Rationale: The respiratory microbiota is increasingly being appreciated as an important mediator in the 117 
susceptibility to childhood respiratory tract infections (RTIs). Pathogens are presumed to originate from the 118 
nasopharyngeal ecosystem. 119 
Objectives: To investigate the association between early-life respiratory microbiota and development of 120 
childhood RTIs. 121 
Methods: In a prospective birth cohort (Microbiome Utrecht Infant Study: MUIS), we characterized the 122 
oral microbiota longitudinally from birth until six months of age of 112 infants (9 regular samples/subject) 123 
and compared them with nasopharyngeal microbiota using 16S-rRNA-based sequencing. We also 124 
characterized oral and nasopharynx samples during RTI episodes in the first half year of life.  125 
Measurements and Main Results: Oral microbiota were driven mostly by feeding type, followed by 126 
age, mode of delivery and season of sampling. In contrast to our previously published associations between 127 
nasopharyngeal microbiota development and susceptibility to RTIs, oral microbiota development was not 128 
directly associated with susceptibility to RTI development. However, we did observe an influx of oral taxa, 129 
such as Neisseria lactamica, Streptococcus, Prevotella nanceiensis, Fusobacterium and Janthinobacterium 130 
lividum, in the nasopharyngeal microbiota prior to and during RTIs, which was accompanied by reduced 131 
presence and abundance of Corynebacterium, Dolosigranulum and Moraxella spp. Moreover, this 132 
phenomenon was accompanied by reduced niche differentiation indicating loss of ecological topography 133 
preceding confirmed RTIs. This loss of ecological topography was further augmented by start of daycare, 134 
and linked to consecutive development of symptomatic infections. 135 
Conclusions: Together, our results link the loss of topography to subsequent development of RTI 136 
episodes. This may lead to new insights for prevention of RTIs and antibiotic utilization in childhood.  137 
Key words: respiratory microbiota, child, respiratory tract infections, development, risk factors.  138 
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INTRODUCTION 139 
Acute respiratory tract infections (RTIs) are one of the most common health problems in young children, 140 
and a major cause of morbidity, are a major reason for antibiotic prescriptions and health-care costs during 141 
childhood (1–3). Risk factors are amongst others mode of delivery, lack of breastfeeding, indoor air 142 
pollution and situations of crowding (4): however, the variation in RTI susceptibility between primarily 143 
healthy children is still largely unexplained. In this context, the composition of the microbial community in 144 
the upper respiratory tract is increasingly being appreciated as an important gatekeeper to respiratory health. 145 
The respiratory microbiota is assumed to provide colonization resistance against pathogenic 146 
microorganisms and to shape the maturing immune system in early life (5).  147 
The respiratory tract is composed of multiple distinct ecological niches and the microbiota in the 148 
nasopharynx in particular is thought to play a key role in mediating susceptibility to RTIs (6–9). Previously, 149 
we showed a link between early life nasopharyngeal microbiota composition and subsequent susceptibility 150 
to RTIs in a prospective birth cohort study, making use of small sampling intervals (Microbiome Utrecht 151 
Infant Study [MUIS]) (6). We found that the nasopharyngeal microbiota development was accelerated in 152 
the first month of life, which was accompanied by prolonged reduction of Corynebacterium spp. and 153 
Dolosigranulum spp., decreased microbial community stability, and subsequently a higher number of RTI 154 
in the first year of life. Also, interestingly, the presence of low-abundant oral bacteria, such as Neisseria and 155 
Prevotella spp., was associated with a higher number of RTIs in the first year of life. Also, other studies 156 
showed evidence that the presence of oral species in the nasopharynx is associated with susceptibility to 157 
RTIs (6, 10, 11). 158 
The oral microbial community may interact with nasopharyngeal microbiota and act as a microbial 159 
source for the nasopharyngeal niche. For example, Streptococcus pneumoniae, which is assumed to have 160 
the nasopharynx as its primary ecological niche, is equally often detected in saliva (12). The degree of 161 
interaction between oral and nasopharyngeal microbiota is however not clear as no studies so far have 162 
simultaneously investigated the concordance between nasopharyngeal and oral microbiota, and their 163 
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separate relationship with RTIs. We hypothesize that insight in the maturation and differentiation of the 164 
respiratory microbiota in infants, i.e. oral and nasopharyngeal microbiota and its relation with development 165 
of RTIs, may increase our understanding of pathogenesis of respiratory infections. 166 
Here, we study the composition, development and topographical differentiation of paired oral and 167 
nasopharyngeal samples of 112 children of the MUIS-study cohort from birth until six months of age, in 168 
relation to development of parentally reported RTI infections in the first year of life.  169 
METHODS 170 
Details on the study design, sample and data collection and bioinformatics/statistical methods can be found 171 
in the supplemental Methods. Sequence data that support the findings of this study have been deposited in 172 
the NCBI Sequence Read Archive database under accession number SRP141299. 173 
Data collection 174 
The specifics on study design and inclusion criteria can be found elsewhere (13). Sequence data of 175 
nasopharyngeal samples were used previously in a study focussing on the development of the microbiota in 176 
the nasopharynx, and its relationship with early life respiratory health (6). For the current analyses, we added 177 
sequencing data obtained from the same children (n=112) representing the development of the oral 178 
microbiota in the first 6 months of life (total samples, oral cavity, n=846; nasopharynx, n=853; details of 179 
sampling in supplemental Methods). Over the course of the first 6 months of life, each child was sampled 180 
within 2 hours after birth, and on days 1, 7 and 14, followed by sampling at 1, 2, 3, 4 and 6 months of age. 181 
Further, additional samples were taken within 48 hours in case of a parent-reported symptomatic RTI, 182 
defined as presence of fever ≥38°C for >6h combined with malaise and presence of RTI symptoms. The 183 
number of RTIs ranged from 0 to 7, but due to lack of power at either end of this spectrum, we stratified the 184 
population into three groups: 0-2 RTIs, 3-4 RTIs and 5-7 RTIs, based on the distribution of RTIs in our 185 
population (6). 186 
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16S rRNA sequencing 187 
DNA extraction and library preparation for the V4 region of the bacterial 16S rRNA gene was performed 188 
as previously described and detailed in the supplemental Methods (6). To avoid OTUs with identical 189 
annotations, we refer to OTUs using their taxonomical annotations combined with a rank number based on 190 
the abundance of each given OTU. The raw OTU-counts table was used for the CSS normalization required 191 
for the analysis with the metagenomeSeq package. The OTU-proportions table was used for all other 192 
downstream analyses. 193 
Statistical analysis 194 
Benjamini-Hochberg adjusted p-values (q-values) were generated where appropriate. A p-/q-value of 0.05 195 
was considered significant. 196 
In order to assess differences in overall community compositions between samples at different time 197 
points, we performed non-metric multidimensional scaling (NMDS) using Bray-Curtis dissimilarities 198 
between samples (nMDS(); vegan package). We visualised the microbial succession patterns separately for 199 
each niche and tested for the significance of both niche (2-level factor) and time point (10-level factor) using 200 
adonis2() (a function based on permANOVA, vegan R-package). A similar adonis2-analysis was performed 201 
to assess the independent effect of lifestyle and environmental factors (i.e. breastfeeding, chronological age, 202 
season of sampling and birth mode, antibiotic use in the previous four weeks, presence of siblings, daycare 203 
attendance and in-house smoke exposure) on the overall oral microbiota composition over time.  204 
We also investigated the stability of the temporal succession patterns at the individual level, and 205 
whether certain bacterial taxa (biomarkers) were enriched at specific time points. We used an unsupervised 206 
hierarchical clustering approach based on the Bray-Curtis dissimilarity between samples as previously 207 
described (6). 208 
In addition, to investigate the effects of birth mode and breastfeeding on the temporal dynamics of 209 
other oral bacterial taxa, we used smoothing spline analysis of variance (SS-ANOVA, fitTimeSeries(); 210 
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metagenomeSeq package). All models were adjusted for breastfeeding/birth mode, seasonality, siblings and 211 
daycare attendance. 212 
To determine whether individual bacterial taxa were indicative for the oral microbiota or 213 
nasopharyngeal microbiota, we performed indicator species analysis (multipatt(); indicspecies package) 214 
using a strict cut-off for the indicator value (stat>0.5) (14).  215 
To study the temporal dynamics of microbial topography, we first defined topography as the total 216 
microbiota community variance explained by niche (oral vs. nasopharynx samples) in relation to the 217 
variance explained by subject (adonis2(); vegan package). To estimate the robustness of our findings, we 218 
performed this analysis on 100 rarefactions at a sequencing depth of 3,000 reads. As a second measure of 219 
topography we used Bray-Curtis niche dissimilarity of paired oral and nasopharynx samples, because we 220 
also wanted to assess the actual dissimilarity between niches. Moreover, using this second method we could 221 
model the temporal dynamics of topography against exact age at sampling as a continuous variable.  222 
RESULTS 223 
Characterization of the study population 224 
Baseline characteristics of the study population stratified by number of RTIs experienced in the first 225 
year of life have been published previously and showed a positive association between the number of 226 
RTIs and the presence of siblings under the age of 5, daycare attendance, and the number of antibiotic 227 
courses (6). 228 
Characterization of the oral and nasopharyngeal microbiota 229 
We analyzed a total of 66,986,053 reads (median, 28,400 reads/sample; minimum, 3,134 reads/sample), 230 
with 918 operational taxonomic units (OTUs) belonging to 19 bacterial phyla which were retained after 231 
filtering. Thirty-six saliva samples were excluded because they yielded less than 3,000 reads. Especially 232 
directly after birth, the bacterial composition of oral samples and the nasopharynx showed significant 233 
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overlap indicating similar source communities. From one week of life onwards, however, the developmental 234 
trajectories of the two rapidly discern, indicating rapid niche differentiation. In oral samples, the local 235 
community remained strongly dominated by Firmicutes throughout the first 6 months of life, with 236 
Streptococcus (OTU rank number 1) accounting for 51% of the bacteria and no major changes in oral 237 
microbiota over time (Figure 1A). In the nasopharynx, Firmicutes represented by Streptococcus [1], 238 
Staphylococcus [3] and Dolosigranulum pigrum [5] dominated the local community during the first month 239 
of life, with a gradual increase in Actinobacteria such as Corynebacterium propinquum [4] from day 1 on, 240 
and Proteobacteria such as Moraxella [2 and 8] and Haemophilus [6] from week 1 on (Figure 1B), as 241 
previously described (6). The respective niches became over time predominantly populated by niche-242 
specific communities, with specific oral indicator taxa (i.e. taxa indicative for a niche based on their 243 
specificity and the fidelity) like Streptococcus, Veillonella, Rothia and Gemella spp., and nasopharyngeal 244 
indicator taxa like Corynebacterium, Dolosigranulum and Moraxella spp. (indicspecies analysis, stat>0.5, 245 
Benjamini-Hochberg corrected q<0.001, Figure E1; full list of indicator taxa, Table E1).  246 
Oral and nasopharyngeal microbiota development over time 247 
We used non-metric multidimensional scaling (NMDS) based on the Bray-Curtis dissimilarity index to 248 
visualize the development of the respective microbial communities over time on group level (Figure 2), 249 
proving microbiota development becomes more niche-dependent with time (adonis, niche-by-time point 250 
interaction, p=0.001).  251 
To explore the temporal dynamics of oral and nasopharyngeal microbiota at the individual level, we 252 
applied hierarchical clustering. We found six oral microbiota clusters and six clusters for the nasopharyngeal 253 
microbiota. The succession patterns and composition of the individuals’ microbiota profile over time is 254 
visualized using an alluvial diagram shown in Figures E2A-C. The oral microbiota was overwhelmingly 255 
dominated by a very stable Streptococcus [1] cluster, with a temporary increase of the Streptococcus 256 
salivarius [7] cluster between week two and month one. The remaining clusters were much smaller but 257 
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induced most variation over time. This in contrast to nasopharyngeal microbiota profiles, following as 258 
described previously, a more gradual developmental trajectory (6, 10). The higher temporal stability of oral 259 
microbiota clusters over nasopharyngeal microbiota was confirmed by calculating Bray-Curtis 260 
dissimilarities of all individuals’ microbiota over time (p<0.001, Figure E2C). 261 
Environmental drivers and their impact on overall oral microbiota composition 262 
We next assessed the association between lifestyle and environmental factors, and oral microbiota 263 
composition over time. Breastfeeding showed the strongest independent association with overall oral 264 
microbiota composition in all samples (multivariable adonis2, R2=2.8%, p<0.001), followed by age 265 
(R2=2.7%, p<0.001), season of sampling (0.9%, p<0.001) and birth mode (0.3%, p=0.046). Antibiotic use 266 
in the previous month, presence of siblings, day care attendance, pacifier use and second-hand smoke 267 
exposure, which are all known additional drivers of the nasopharyngeal microbiota, were not associated 268 
with oral microbiota composition (p>0.10), suggesting resilience of oral communities for these influences. 269 
The impact of feeding type, as well as the impact of birth mode and season on oral community composition 270 
varied over time (adonis2, factor-by-time point interaction, p<0.001) with season of birth being the most 271 
important driver directly after birth (adonis2, R2=14.2%, p<0.001), both season (R2 = 5.7%, p=0.028) and 272 
birth mode (R2=2.7%, p=0.031) at day one, and feeding type (being breastfed or not) after one week of life 273 
(R2=3.4-7.8%, p≤0.006). 274 
Breastfeeding and birth mode influence individual oral microbial taxa 275 
The abundance of the most abundant bacterial taxon Streptococcus [1] in the oral cavity but not in the 276 
nasopharynx was associated with breastfeeding (GAMM niche-by-feeding type interaction: t=-6.4, p<0.001; 277 
Figure 3). With respect to other taxa, we found that in oral samples Bifidobacterium and Streptococcus 278 
salivarius [7] abundances were associated with both vaginal birth and breastfeeding, whereas Alloprevotella 279 
abundance was associated with birth by caesarean section and formula feeding (Figure 4). Other oral taxa 280 
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such as different Veillonella, low abundant Prevotella and Megasphaera spp. were associated with vaginal 281 
birth, and Neisseria lactamica was associated with birth by caesarean section only (multivariable 282 
fitTimeSeries, q<0.10). Breastfeeding was additionally associated with early and prolonged enrichment 283 
(beyond month 3) of Staphylococcus, Haemophilus and Lactobacillus spp. in oral microbiota (q<0.02), and 284 
formula feeding was associated with enrichment of Prevotella melaninogenica, Prevotella nanceiensis, 285 
Granulicatella, Leptotrichia, Fusobacterium, Rothia spp. and other streptococci (multivariable 286 
fitTimeSeries, q<0.01; Figures E3 and E4, Tables E2 and E3). 287 
Oral microbiota maturation in relation to susceptibility to RTI 288 
In a previous report on the early life development of the nasopharyngeal microbiota, we observed that 289 
microbial maturation was significantly associated with the number of observed RTIs over the first year of 290 
life (6). For oral microbiota, we observed no association between the number of RTIs and microbiota age, 291 
nor with α-diversity (all associations p>0.05, Figure E5). In contrast to the nasopharyngeal microbiota (6), 292 
the oral microbiota composition at one month of life was also not predictive of the number of RTIs over the 293 
first year of life (adonis, p=0.69). These results suggest that the nasopharyngeal microbiota remains the key 294 
community driving respiratory health and infections. 295 
Topography of the upper respiratory microbial communities in relation to RTI susceptibility 296 
We further studied whether the topographical differentiation between the two niches over time, defined by 297 
the level of topographical differentiation as the total microbiota community variance explained by niche 298 
(oral vs. nasopharynx samples) versus the variance explained by subject (adonis2-analysis assessing the 299 
marginal effects of niche and subject for each timepoint) over time. Directly after birth and at day one, 300 
topographical differentiation between the two niches had not yet occurred and the majority of the variance 301 
was explained by subject rather than by niche (R2>75% and ~5%, respectively; Figure 5A). Thereafter, a 302 
clear gradual increase in topographical differentiation was observed over the first three months of life (niche 303 
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differentiation at age three months, R2=38.4%, p<0.001), while variance explained by subject became less 304 
important and was no longer significant after the first week of life (p>0.05). However, during a RTI, the 305 
two niches became more similar again with a marked decline in variance explained by niche at time of 306 
infection (R2=20.3%, p<0.001) and a significant increase in variance explained by subject again (R2=56.6%, 307 
p=0.002; Figure 5B). This seems to indicate that during a RTI episode, there is loss of topography between 308 
the two niches. Interestingly, however, the loss of topography was observed already well before the 309 
confirmed RTI episode occurred, and the variance explained by subject became already significant at the 310 
first time-point preceding the confirmed RTI, in general one month before the RTI episode occurred 311 
(average -28 days; TRTI=-1; subject, R2=37.7%, p=0.010; niche, R2 37.6%, p<0.001; Figure 5B), suggesting 312 
loss of topography might contribute to dysbiosis and development of symptomatic infections. 313 
We found similar results when applying Bray-Curtis dissimilarity between paired oral and 314 
nasopharyngeal samples as alternative measure of topographical differentiation. Again, after the first week 315 
of life, the dissimilarity between niches increased gradually until the age of three months. When the birth 316 
cohort was stratified into groups of children with up to two RTI episodes (healthy reference group) versus 317 
children with more than two RTI episodes over the first year of life, we found that the healthy reference 318 
group had a significantly higher niche dissimilarity from 8 weeks on compared to children who eventually 319 
suffered from more than two RTIs (p=0.032; Figure 5C). Also, during RTI episodes, the niche dissimilarity 320 
had decreased when compared to the reference group (p=0.016). This loss of topography during RTI 321 
episodes became more pronounced over time (Figure 5C).  322 
The difference between the healthy reference group and the group with more than two RTI episodes 323 
was already observed in early infancy and well before the first infections occurred, with most RTIs occurring 324 
after the age of 4 months. This suggests that the loss of topography precedes RTI episodes rather than 325 
coincides or follows RTIs. Loss of topography seems therefore indicative of factual development of an RTI. 326 
This was confirmed by studying niche dissimilarity directly before and after a confirmed RTI in individual 327 
children; we again found that loss of topography preceded the confirmed RTI, with a significantly reduced 328 
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niche dissimilarity approximately one month before the RTI episode but not yet two months before the 329 
confirmed RTI (TRTI=-1 vs. TRTI=-2, p=0.04; Figure 5D). 330 
Five children developed a RTI within one month of start of daycare. We observed that these five 331 
children had a significantly higher loss of topography following start of daycare compared to children who 332 
did not develop a RTI within one month after start of daycare (Tdaycare=Start daycare, p=0.016), suggesting 333 
again that loss of topography reflects microbial instability, and thereby increases the risk of subsequent 334 
development of RTI following start of daycare. However, loss of topography was apparent already one 335 
month before start of daycare (Tdaycare=-2 vs. Tdaycare=-1, p=0.032, Figure 6A), indicating that daycare 336 
attendance may have enhanced the loss of topography that preceded the development of a RTI episode, but 337 
that this is interdependent with the level of topographical differentiation in respiratory microbiota to start 338 
with. Overall, these results provide evidence for the hypothesis that loss of topography is a proxy for 339 
respiratory microbiota at disequilibrium, and that loss of topography facilitates symptomatic RTI 340 
development after encountering a second trigger, such as viral or bacterial pathobiont exposure at daycare 341 
(15). 342 
Loss of topography is driven by enrichment of oral taxa in the nasopharynx 343 
When looking in more detail at loss of topography in all children and associated bacterial taxa that lead to 344 
less differentiation between the niches, the loss of topography appeared to be primarily driven by an influx 345 
of oral indicator taxa (predominantly Streptococcus [1]) in nasopharyngeal samples (TRTI=-2 vs. TRTI=-1, 346 
median combined relative abundance 1.4% vs. 7.3%, p=0.03; Figure E6AB), but not the reversed, i.e. the 347 
increase of nasopharyngeal indicator taxa in oral samples was not observed (Figure E6C). Similarly, we 348 
observed an increase of oral indicator taxa in nasopharyngeal samples in all children well before the start of 349 
daycare (Tdaycare=-2 vs. Tdaycare=-1, median combined relative abundance 0.8% vs. 2.3%, p=0.012), that 350 
remained high at the start of daycare (Tdaycare=-1 vs. Tdaycare=Start daycare, 2.3% vs. 6.8%, p=0.43). This 351 
influx of oral taxa was more pronounced in the five children who developed a RTI within one month after 352 
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start of daycare as compared to those who did not report RTI symptoms within the first month (Figure 6B). 353 
On individual bacterial taxon level, these five most susceptible children had significantly higher 354 
nasopharyngeal abundances of the oral indicator taxa Neisseria lactamica, Streptococcus [18], Prevotella 355 
nanceiensis, Fusobacterium and Janthinobacterium lividum already before start of daycare (Figure E7). 356 
Noticeably, these oral indicator taxa were not only enriched in the nasopharynx of the five children 357 
mentioned above but were in general present in higher abundance in the oral microbiota of children who 358 
were not breastfed for at least 3 months of life or were born by caesarian section (Tables E1 and E2). In 359 
contrast, the children, who appeared protected against developing a RTI following start of daycare 360 
attendance, showed higher nasopharyngeal abundances of several nasopharyngeal indicator taxa like 361 
Corynebacterium, Dolosigranulum and Moraxella spp. before the start of daycare (Figure E7). Together, 362 
the study data support the hypothesis that the nasopharyngeal microbiota acts as primary gatekeeper to 363 
maintain respiratory health. The early presence and abundance of beneficial biomarker taxa in the 364 
nasopharynx that are associated with breastfeeding and vaginal delivery, increase stability, and prevent loss 365 
of topography and subsequent RTIs. In contrast, early life loss of topography in the upper respiratory tract 366 
accompanied by influx in the nasopharynx of oral taxa, which is associated with caesarean section and 367 
formula feeding, may instigate (susceptibility to) RTIs.  368 
DISCUSSION 369 
It is becoming increasingly apparent that human respiratory health is significantly mediated by the microbial 370 
communities that reside in the upper respiratory tract. We and others have recently described the temporal 371 
dynamics of the nasopharyngeal microbiota and its relationship with (susceptibility to) RTIs (6–9). Studies 372 
investigating early life oral microbiota development are, however, sparse (16, 17). Moreover, although the 373 
presence of oral taxa in the nasopharynx is associated with RTI presence and severity (6, 9, 11), longitudinal 374 
studies linking nasopharyngeal and oral microbiota dynamics, and their relationship with RTIs have not yet 375 
been performed.  376 
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Here, we provide substantial new knowledge to the current evidence base. We demonstrate that the 377 
infant oral microbiota is almost immediately dominated by Streptococcus spp. and is very stable throughout 378 
the first six months of life. Additionally, oral microbiota was highly associated with feeding type but showed 379 
no direct relationship with (susceptibility to) RTIs. However, loss of upper respiratory microbial 380 
topography, driven by a proportional influx of oral taxa in the nasopharyngeal niche, appears to precede 381 
RTI episodes. Moreover, daycare attendance, which is a well-known risk factor for development of RTI 382 
episodes due to high exposure to pathobionts (4, 15), induced a further loss of topography but this depended 383 
on the level of topographical differentiation prior to the start of daycare attendance. Together, this implies 384 
that the nasopharyngeal microbiota composition and differentiation is linked to RTI susceptibility. 385 
Our findings linking the loss of topography to subsequent development of RTI episodes corroborate 386 
a previous report on the loss of microbial topography in the upper respiratory tract of elderly adults, who 387 
are, similar to young children, more susceptible to respiratory infections than mid-aged-adults (18). In line 388 
with our results, the authors demonstrated in elderly a replacement of the nasal community as observed in 389 
mid-aged adults by an oropharyngeal-like population of microbes, which are characterized by an increase 390 
in the abundance of Streptococcus spp. This further signifies the importance of microbial topography and 391 
the potential role of oral bacteria in perpetuating inflammation when beyond the oral niche. In a recent in 392 
vivo study in mice colonization of oral bacteria in the intestine significantly induced TH1 cells and led to 393 
severe intestinal inflammation (19). Interestingly, this occurred only in susceptible hosts, e.g. mice with 394 
antibiotic-induced intestinal dysbiosis, but not in healthy mice, suggesting that loss of microbial topography 395 
after a second trigger occurs more easily in ecosystems lacking stability induced by keystone species (19). 396 
Similarly, we found that the loss of upper respiratory microbial topography preceding a RTI covaried with 397 
the loss of nasopharyngeal abundance of presumed beneficial commensals such as Corynebacterium, 398 
Dolosigranulum and Moraxella spp. (5, 20–22), all species with high susceptibility to routine antibiotic 399 
treatment (5). Eradication of these species by inappropriate use of broad-spectrum antibiotics therefore 400 
seems undesirable (3). Also, caution is warranted with respect to new vaccination strategies that may affect 401 
Loss of topography precedes respiratory infections | Page 19 of 34 
 
 19 
presence of Moraxella species (23). Efforts should instead be made to uphold these beneficial commensals 402 
to promote respiratory health. Some promising steps have already been taken; nasal application of 403 
Corynebacterium spp. has been proven to provide resistance against RSV and secondary pneumococcal 404 
pneumonia in infant mice (24) and appeared safe in small pilot studies involving healthy human adults (25, 405 
26). 406 
  407 
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FIGURES 499 
Figure 1. Mean relative abundance of the 15 most abundant shared bacterial taxa. 500 
501 
Stratified by niche: oral (left panel, n per timepoint: Postpartum 58; Day 1 89; Week 1 92; Week 2 96; Month 1 101; 502 
Month 2 98; Month 3 99; Month 4 98; Month 6 96; RTI 15) and nasopharynx (NP) samples (right panel, n per timepoint: 503 
Postpartum 21; Day 1 68; Week 1 108; Week 2 111; Month 1 112; Month 2 109; Month 3 111; Month 4 105; Month 6 504 
108; RTI 55). The taxonomical annotation of bacterial taxa is combined with a rank number based on the abundance of 505 
each given taxon. Bacterial taxa that were not among the 15 highest ranking were collapsed and referred to as “Other”. 506 
Color shades represent phylum affiliation of individual bacterial taxa: brown = Firmicutes, green = Proteobacteria, purple 507 
= Actinobacteria, pink = Bacteroidetes, grey = residuals.   508 
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Figure 2. NMDS plots visualizing niche-specific microbiota succession patterns during the first six 509 
months of life. 510 
 511 
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The ordination based on Bray-Curtis dissimilarity index is split by niche: oral samples (upper panel), nasopharynx (NP, 512 
lower panel). Each point represents the microbial community composition of a single sample. Samples taken during 513 
health (oral, n=829; nasopharynx, n=798) are colored based on the time point at which they were taken (yellow [day 0] 514 
to dark green [month 6]). In addition, samples taken during RTI are depicted in red (oral, n=17; nasopharynx, n=55;). 515 
Ellipses represent the standard deviation around each group of samples. Black symbols represent the 15 most abundant 516 
bacterial taxa (based on mean relative abundance across niches/time points), with the shape depicting the phylum 517 
affiliation (circle = Firmicutes, square = Proteobacteria, diamond = Actinobacteria, triangle = Bacteroidetes). The 518 
taxonomical annotation of these bacterial taxa is combined with a rank number based on the abundance of each given 519 
taxon. Stress = 0.21. RTI = respiratory tract infection. Ordination data for nasopharyngeal microbiota of this cohort were 520 
published previously (6).   521 
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Figure 3. The effect of feeding type on Streptococcus [1] dynamics over time.  522 
 523 
Breastfeeding is the most important driver of oral microbiota: depicted are the abundances of the main biomarker spp. 524 
of saliva, i.e. Streptococcus [1], stratified by mode of feeding for both the oral (left panel) and nasopharynx samples 525 
(right panel). Dots represent individual data, whereas lines represent GAMM model predictions with standard error 526 
(shaded areas). In oral samples, Streptococcus [1] was significantly enriched in breastfed children (blue) compared to 527 
formula-fed children (yellow). In the nasopharynx, Streptococcus [1] abundances were very similar between the two 528 
feeding types except during the first week of life where formula-fed children had higher Streptococcus [1] abundance 529 
than breastfed children.  530 
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Figure 4. Temporal associations of bacterial taxa in oral samples with feeding type and birth mode. 531 
A 
 
B 
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(A) Log2 difference in abundance of bacterial taxa in oral samples (solid lines) and 95% confidence intervals (dashed 532 
lines) between children exclusively breast-fed until the age of 3 months and those who were not exclusively breast-fed 533 
within this same timeframe (n=48 and n=53, respectively), estimated using fitTimeSeries, adjusted for birth mode, 534 
season, presence of siblings, and daycare attendance. Time intervals where the bacterial taxa differ significantly 535 
between groups are colored according to whether they are increased present in infants with breastfeeding >3 months 536 
(blue) versus breastfeeding <3 months (yellow). (B) Log2 difference in abundance of bacterial taxa in oral samples 537 
between children vaginally born and those born by caesarian section (n=62 and n=39, respectively), estimated using 538 
fitTimeSeries, adjusted for feeding type, season, presence of siblings, and daycare attendance. Time intervals where 539 
bacteria differ significantly between groups are colored according to whether they are increased in vaginal birth (blue) 540 
versus caesarean section (red). The taxonomical annotation of bacterial taxa is combined with a rank number based on 541 
the relative abundance of each given taxon (i.e. 1 is the most abundant taxa, followed by 2, 3, 4 etc.). Only bacterial 542 
taxa with q<0.10 are depicted. Figure (A) and (B) are a snippet of Figure E3 and E4, respectively.   543 
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Figure 5. Temporal dynamics of microbial topography. 544 
A 
 
B 
 
C 
 
D 
  
We studied the temporal dynamics of topographical differentiation in relation to RTIs using A and B adonis2 (R2; 545 
variance explained by niche relative to subject) and C and D by Bray-Curtis dissimilarity metrics. (A) For each sampling 546 
time point (n=981; colours ranging from yellow [day 0] to dark green [month 6], and red [RTI]) we calculated the 547 
topographical differentiation defined as the variance in total microbiota composition explained (R2) by niche vs. the 548 
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variance in total microbiota composition explained (R2) by subject (adonis2-analysis per time point). Bars represent the 549 
average R2 explained over 100 random rarefactions of the microbiota data. Error bars represent standard deviations. 550 
Significant associations between either niche and/or subject and microbiota composition are depicted as solid bars and 551 
are annotated with an asterisk, whereas non-significant results are depicted as transparent bars without asterisks. 552 
Directly after birth and at the first day, differentiation regarding microbial topography is not yet apparent. This is reflected 553 
by a big (and significant) R2 for subject (bottom half) and a small R2 for niche (top half). Over time the topography 554 
becomes more differentiated as an increasing part of the total microbiota variation is explained by niche (i.e. the R2 bar 555 
for niche becomes larger over time) over that explained by subject (i.e. the R2 bar for subject becomes smaller and not 556 
significant). However, during a RTI the topography seems to be lost, i.e. a larger and significant part of the total 557 
microbiota variation is again explained by subject.  558 
(B) Because the children had RTIs at different ages, we also calculated differentiation regarding microbial topography 559 
using the same definition as in (A) stratified by time point relative to a RTI (n=44 paired samples; light green shades 560 
[before RTI], red [during RTI], dark green [after RTI]). ‘-2’ represents two time points before RTI (56±8 [mean±sd] days 561 
prior to RTI), ‘-1’ represents one time point before RTI (28±7 days prior to RTI), ‘RTI’ represents time of RTI (age = 562 
123±37 days) and ‘+1’ represents one time point after RTI (25±16 days after RTI). This stratification of paired samples 563 
in relation to time before, during and after RTI better reflects the dynamics of the topography in relation to RTI 564 
development and suggests that a loss of topography already occurs before a symptomatic RTI, i.e. a larger and 565 
significant part of the total microbiota variation is again explained by subject at T=-1.  566 
(C) To confirm the above findings, we alternatively calculated the topographical differentiation between both niches in 567 
a different way, i.e. using the Bray-Curtis niche dissimilarity for paired samples. We plotted this against the chronological 568 
age stratified by number of RTIs (≤2 vs >2 RTIs; green and orange, respectively) experienced during the first year of 569 
life. In addition, the topographical differentiation between both niches during a RTI is depicted (red). Dots represent 570 
individual data points. Lines represent smooth spline fits. The shaded area around each smoothing spline represents 571 
the 95% confidence interval. The confidence interval for the topographical differentiation during RTIs is very large initially 572 
because of the RTIs rarely occurred before four months of age. P-values are based on a linear mixed model, including 573 
age (spline) and number of RTIs as fixed effects and subject as random effect.  574 
(D) Boxplots, including diamond shaped point indicating means, of the topographical differentiation between both niches 575 
before, during and after RTI (n=44 infants, paired samples of same individuals as depicted in [B], but calculating 576 
topographical differentiation by Bray-Curtis dissimilarity as in [C]). A decline in niche dissimilarity (i.e. loss of topography) 577 
was already observed (on average 28 days) prior to an RTI. P-values are based on paired Wilcoxon signed-rank tests. 578 
Only ‘-2’ vs. ‘-1’, ‘-1 vs. ’RTI’ and ‘RTI’ vs. ‘+1’ were tested. **, p<0.01; *, 0.01 p<0.05.   579 
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Figure 6. Loss of topography coincides with enrichment of oral taxa in the nasopharynx. 580 
  581 
A 
 
B 
 
(A) Niche dissimilarity in relation to start daycare stratified by development of RTI. Loss of topography is already 582 
observed prior to first daycare attendance in children who rapidly (within one month) develop a RTI after start of daycare 583 
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(green, ‘RTI’) compared to the children who are resilient against RTIs at start of daycare (red, ‘no RTI’). ‘-2’ represents 584 
two time points before start of daycare (~63 days prior to start of daycare), ‘-1’ represents one time point before start of 585 
daycare (~31 days prior to start of daycare), ‘Start daycare’ represents the first sample obtained after start of daycare 586 
(mean age = 97 days) and ‘+1’ represents one time point after start of daycare (~35 days after start of daycare). Start 587 
of daycare appears to aggravate loss of topography rather than inducing it.  588 
(B) Combined relative abundance of oral indicator taxa in nasopharyngeal samples plotted against time points relative 589 
to the start of daycare attendance (n=172). Children who did not develop an RTI shortly after start daycare had lower 590 
abundances of oral indicator taxa in their nasopharynx already prior to start of daycare compared to the ones who did 591 
develop a RTI shortly after start of daycare, suggesting daycare does not seem to be the driver of loss of topography 592 
and influx of oral taxa in the nasopharynx, rather a secondary trigger.  593 
P-values are based on paired Wilcoxon signed-rank tests. Only ‘-2’ vs. ‘-1’, ‘-1 vs. ‘Start daycare’ and ‘Start daycare’ vs. 594 
‘+1’, and ‘no RTI’ vs. ‘RTI’ for each time point were tested. **, p<0.01; *, 0.01 p<0.05; #, p<0.10.   595 
Loss of topography precedes respiratory infections | Page 34 of 34 
 
 34 
 596 
